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Highlights 
 Low-velocity impact and residual flexural behaviors of honeycomb panels with 
different structural configurations are investigated. 
 Core height has little effect on low-velocity behavior, but affects residual flexural 
strength significantly. 
 Residual flexural strength almost reduces 20%-30% even through superficial 
impact damage remains barely visible. 
 Bending failure pattern is related to core stiffness, but independent of the extent of 
impact-induced damage. 
 Predicted impact load, absorbed energy, residual flexural strength and failure 
modes match well with experimental ones.  
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ABSTRACT 
 
This paper aims to evaluate the influences of impact-induced damage on the residual 
flexural strength of honeycomb core sandwich panels with different structural 
configurations by combining the experimental, numerical and theoretical methods. 
Low-velocity impact tests and three-point bending tests after impact are carried out to 
determine and quantify the effects of structural configuration and impact energy on the 
impact damage and residual flexural strength of such structures. Subsequently, an 
integrated FE model with the VUMAT subroutine is developed to further investigate the 
damage states and failure mechanisms for the impact and bending simulation. The 
numerical results match well with the experimental ones in terms of impact load, 
absorbed energy, residual flexural strength and failure mechanisms. Results indicate that 
increasing cell wall thickness or decreasing side length of honeycomb core has significant 
effects on peak load, while increasing core height has little effect. Specimens with lower 
core stiffness fail through core buckling and crushing under the bending load, while 
specimen with higher core stiffness fails by top face sheet fracture. The residual flexural 
strength reduces markedly even through the impact damage is barely visible, indicating 
that it has a strong correlation with impact energy and structural configuration of cores. 
 
Keywords: Honeycomb core sandwich structure; Impact response; Residual strength; 
Flexural behavior; Failure mode. 
 
 
 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
4 
 
1. Introduction 
Lightweight composites have been widely used to meet the ever-growing requirements 
of marine applications primarily due to their higher specific strength and stiffness as 
compared to metallic alloys [1-3]. Among the most promising composite structures, 
honeycomb core sandwich structures have been used as components of ship structural 
bulkheads, decks and superstructure where weight saving is a critical consideration [4-7]. 
However, despite excellent in-plane properties of composite structures, they are 
susceptible to damage from accidental low-velocity impact events occurring during 
assembly, maintenance and service [8-11]. Moreover, even barely visible damage 
severely diminishes the load-carrying capacity of composite components, possibly 
causing catastrophic failure of the integral structure during service life. For this reason, it 
is very necessary to provide insight into the low-velocity impact damage characterization 
and failure mechanisms of post-impacted composite sandwich structures before widely 
applied in the marine industry [12-15]. 
Residual compressive strength [16], residual tensile strength [17] and residual flexural 
strength after impact [18] are commonly used to evaluate and quantify the damage 
tolerance of the post-impacted composite components. From the previous review, 
considerable experimental and computational research studies have been conducted to 
determinate and predict the residual compressive strength of post-impacted composite 
structures, while few have been done on their residual tensile strength and residual 
flexural strength after impact [19]. The research literatures on the impact response and 
Compression-After-Impact (CAI) strength evaluation are focused on composite laminates, 
and their research emphasis can be summarized as: the failure mechanisms during impact, 
the relationship between residual strength and impact-induced damage, and the influences 
of structural parameters and material compositions on residual mechanical properties. It 
can be concluded from these studies that structural parameters and impact variables, such 
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as material compositions, stacking sequence, impact energy, impactor shape, impact 
location and boundary conditions, have different influences on residual properties after 
impact [20-22]. With respect to sandwich structures, a number of experimental and 
numerical studies have been conducted to investigate the influences of face-sheet/core 
thickness and their material types on the CAI strength and relevant failure mechanisms 
under various impact loading [23]. Key findings from these studies reveal that the 
residual compressive strength is closely related to the impact-induced damage of 
sandwich panels, such as matrix cracking, delamination and fiber fracture of the face 
sheet as well as the buckling and collapse of core. The residual compressive strength 
could be reduced up to 50% even through the superficial damage remains invisible [24]. 
Traditionally, the CAI strength has been widely used to evaluate the post-impact 
performance of composite components, since it was found that compression after impact 
could cause considerable reduction in structural integrity. However, recently many 
researchers have criticized the sole use of CAI to evaluate and quantify the residual 
load-carrying capacity, particularly for composite components mainly suffering from 
tensile and bending load.  
Compared with residual compressive strength, impact damage has relatively little 
effect on the residual tensile strength, particularly for the low impact energy cases [25]. 
The primary failure modes at the low impact energy are delamination and matrix 
cracking, which are not very sensitive to the residual tensile strength. Most studies on the 
residual tensile properties are mainly for composite laminates, whereas the works on the 
residual tensile strength of sandwich structures remain to be rare to date [26-29]. Caprino 
and Teti [30] investigated the residual tensile strength of post-impact foam core sandwich 
structures with glass fiber face sheets. Wang et al. [31] obtained the relation curve of 
residual tensile strength against the impact energy of carbon fiber composite lattice core 
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sandwich structures, and the curve can be divided to three distinct stages according to the 
various impact energy levels.  
The studies on the residual flexural properties are much less common than the residual 
compressive properties but have aroused increasingly more attention, particularly for the 
composite beam components subjected to bending load [32-36]. Many structural 
components in ship hull primarily undergo bending moments under wave action and 
therefore, it is essential to evaluate the residual flexural behaviors after impact for critical 
parts. The studies concerning the residual flexural behaviors are primarily performed 
experimentally, and their research emphasis can be summarized as: impact response in 
terms of impact load and energy absorption during the impact event, residual flexural 
properties after impact, failure modes and failure mechanisms during the whole process. 
Additionally, hybridization of composite laminates could improve the impact resistance 
and maintain satisfactory residual flexural strength, thus it highlights the positive role of 
the stacking sequence [35-37]. A comparison has been made between the residual 
flexural strength and compressive strength of 2D and 3D woven fiber-reinforced 
composites [38]. Key finding revealed that the former decreased significantly compared 
with the latter, indicating that the residual flexural properties were of crucial importance 
to provide impact resistance for structures. More particularly, there have been limited 
studies available to explore the residual flexural strength and failure mechanisms of 
sandwich structures [39, 40]. Klaus et al. [39] investigated the impact response and 
residual flexural behavior of aramid paper foldcore sandwich structures with CFRP face 
sheets. In the previous study, the authors in this paper investigated the residual flexural 
strength of composite sandwich structure with corrugated core by experimental and 
numerical methods [40]. It was found that the residual flexural strength decreased 
significantly, even for the damage at lower impact energy. However, to the author’s 
knowledge, there have been fewer studies concerning the flexural behaviors of aluminum 
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honeycomb core sandwich structures with CFRP/GFRP face sheets [41, 42], but a study 
on the residual flexural strength after impact of such structures has not yet been reported.  
This paper aims to investigate the impact-induced damage and residual flexural 
strength of honeycomb sandwich panels. Low-velocity impact tests are conducted to 
investigate the impact response characteristics of such structures considering different 
core configurations and various impact energy levels; three-point bending tests after 
impact are carried out to explore the influence of impact-induced damage on the residual 
flexural behavior of such structures. Then, an integrated FE model with the VUMAT 
subroutine in ABAQUS/Explicit is developed to further investigate the damage states and 
failure mechanisms for the impact and bending. Finally, the predicted and experimental 
results of impact response and flexural behavior are analyzed in detail.  
2. Materials and specimens 
In this paper, sandwich beams are constructed from thin-walled carbon fiber-reinforced 
polymer (CFRP) face sheets and aluminum hexagonal cells honeycomb cores with 
various geometry configurations, as illustrated in Fig. 1. The hexagonal honeycomb cores 
are made of AA3003 aluminum alloy foil (Fig. 1(b)), whose material properties are 
summarized in Table 1. To better explore the relationship between impact damage state 
and residual flexural strength, four kinds of sandwich panels with different structural 
configurations such as cell wall thickness, side length and core height are tested, and their 
structural parameters are listed in Table 2.  
CFRP laminate is made from eight-layer unidirectional T700 carbon/epoxy prepreg 
(0.125 mm thickness) with stacking sequence 0°/90° by using compression molding 
technique. The properties of unidirectional carbon fiber provided by the manufacturer are 
given in Table 3. Both face sheets and a core are bonded together with epoxy adhesive 
film with 0.2 mm thickness under pressure of 0.5 MPa for 120 min by using hot pressing 
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machine. And then, the sandwich panels are cut into several specimens in 100 mm × 300 
mm dimensions. 
3. Experimental methodology 
3.1 Impact tests 
The impact response is evaluated by an instrumented drop weight impact testing 
machine in accordance with ASTM D7136 standard (2015) [43], as displayed in Fig. 2. A 
pneumatic-controlled anti-rebound system is installed on the testing equipment to avoid 
multi-hits. During impact event, the sandwich beam is clamped by a pneumatic fixture 
with a pair of steel panels, providing a central region of 75 mm diameter to be impacted. 
The pneumatic fixture provides an appropriate uniform pressure of 0.02 MPa to prevent 
the specimen from sliding and vibrating.  
The drop weight with a hemispherical tip of 12 mm diameter weights 13.2 kg and is 
adopted to impact the center of specimens. Three typical impact energy levels, ranging 
from 5 J to 40 J, are employed to generate different degrees of damage for the sandwich 
beam. The initial impact energy can be transferred by potential energy of drop-weight. A 
piezoelectric transducer of 10 kN is adopted to record the history of impact load during 
the impact process by using a digital data acquisition system.  
3.2 Three-point bending tests 
The residual flexural behaviors of the post-impact sandwich beams are assessed by the 
three-point bending test using an electronic universal tester with a maximum loading 
capacity of 100 kN in accordance with ASTM D 790 [44]. The schematic diagram of 
experimental setup is illustrated in Fig. 3. The specimen is supported by two cylindrical 
rollers with a diameter of 30 mm and the support span distance is 200 mm. The specimen 
is loaded by a cylindrical indenter with a diameter of 30 mm. A constant feed rate of 2 
mm/min is performed for the whole bending process. The load is applied on the impacted 
side of post-impact sandwich beam in order to explore the evolution process of the 
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delamination and fracture for the impacted face sheet under compressive stress. 
Additionally, the flexural properties of non-impacted specimen of each group are also 
evaluated to provide a baseline reference for identifying the sensitive design variables 
and quantifying the residual flexural strength.  
4. Numerical simulation 
4.1 Damage model for the aluminium core 
Several damage initiation criteria built-in ABAQUS can be used to predict the onset of 
failure of ductile metals, including ductile and shear criteria, which associate with 
different kinds of material failure. In this study, the ductile damage criteria are employed 
to predict the progressive damage and failure of thin-walled metal sheet due to the 
nucleation, growth, and coalescence of voids. Damage initiates when the damage state 
D  is met: 
  1),(
d
plpl
D
pl
D




                          (1) 
where the equivalent plastic strain plD  is a function of stress triaxiality   and strain 
rate pl . Once failure initiation is satisfied, the material stiffness is degraded during the 
damage process according to the energy-based evolution law. The exponential damage 
evolution law is employed for exponential softening of the stress-strain response for the 
aluminum alloy in this study.  
4.2 Damage model for the composite face sheets 
Composite laminates could experience intra-laminar and inter-laminar damage under 
impact loading. Several failure criteria have been formulated and implemented to predict 
the mechanical damage behaviors of composites, including Tsai-Wu [45], Hashin [46], 
Hou [47] and others [48]. Among them, Hashin failure criteria have been proved 
effective to characterize the composite damage, and are applied extensively due to their 
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brief expressions. In this paper, a progressive failure model including 3D Hashin and Yeh 
delamination failure criteria is expressed in the manner of strain component due to its 
relatively good continuity in comparison with stress [49]. The initiation criteria can be 
written as,  
Fiber tensile failure:  
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Yeh delamination failure:  
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where TX ,

CX ,

TY ,

CY ,

12S ,

13S ,

23S and

TZ  represent the ultimate strain components in the 
longitudinal (X), transverse (Y), and through-thickness (Z) direction of the laminate, 
corresponding to stress strength components listed in Table 3. The failure factor Ri (i = ft, 
fc, mt, mc, ld) is the damage threshold parameter to indicate whether or not the damage 
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begins to initiate. The ultimate strain components are determined in conjunction with the 
corresponding stress strengths,  
232323131313121212
332222
1111
/,/,/
/,/,/
/,/
GSSGSSGSS
EZZEYYEYY
EXXEXX
TTCCTT
CCTT

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


             (7) 
Once the individual initiation failure criterion is satisfied 0.1iR , damage evolution 
begins immediately, which results in a gradual reduction in the composite material 
stiffness. Thus, the damage variable id  ranging from 0 to 1 is introduced to depict the 
current state of the material degradation [50],  
 ldmcmtfcftinR
R
d in
i
i ,,,,;1,1
1
1                (8) 
where the subscript “f” and “m” refer to fiber and matrix, and the subscript “t” and “c” 
represent tensile and compression, respectively; the subscript “ld” signifies inter-laminar 
delamination. In accordance with the trial and experimental measure, the control factor is 
set to one [51, 52]. Since the material damage results in irreversible energy dissipation, 
the variable id  is expressed as a function of time t,  
   ldmcmtfcftitdd iti ,,,,;0,max                   (9) 
During the damage evolution stage, the stiffness at this material point needs to be 
degraded in the damage growth direction and the stresses should be updated according to 
the constitutive equation. Thus, the damage parameter i  ( 6,,1i ) is introduced to 
determine the reduce of material stiffness in conjunction with components of undamaged 
compliance matrix [53]. The constitutive relation between the stress and strain can be 
expressed more explicitly as follows:  
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where the damage parameter i  ( ,1=i
…
,6) is defined via the damage variables in 
initiation failure criteria, 
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4.3 Finite element implementation 
The progressive damage model is executed to analyze structural response and to 
identify failure modes of fiber and matrix in ABAQUS/Explicit in conjunction with a 
user-defined material VUMAT subroutine. The main execution procedures of the 
subroutine are illustrated in Fig. 4. At each incremental step, the subroutine is called at 
each integration point and the time t  and strain   increment as well as the state 
variables (stains   and damage variables id ) are passed into the VUMAT through the 
ABAQUS solver. The total strains can be achieved by adding the strain increments of this 
incremental step and strains of the previous incremental step. Based on the strains, the 
stresses at each integration point can be computed in accordance with stiffness matrix. 
Subsequently, failure at any given material point can be checked according to the strains 
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based on failure criteria. If the damage initiation has occurred, the damage variable can 
be calculated for each failure mode in the light of the damage evolution law. Then, the 
constitutive matrix and the stresses can be updated in a sequential manner. The state 
variables obtained from the subroutine are introduced into ABAQUS solver to proceed 
the next increment calculation. In the calculation process, the excessively distorted 
elements will be removed to avoid aborting the calculation and affecting the final results 
when the principal strain at any integration point reaches a critical value. The above 
procedure should loop over all the integration points until the end of computation 
process.  
4.4 Finite element model 
The implementation process of residual flexural strength after impact can be divided 
into three steps, as displayed in Fig. 5. The first step represents the low-velocity impact 
simulation, generating the impact damage under various impact energy levels. The 
second step is conducted to prepare for the bending simulation, changing the boundary 
conditions of impact simulation to bending simulation and eliminating oscillation of 
sandwich beam. The third step represents the bending simulation, performing the whole 
bending process.  
The finite element (FE) model for low-velocity impact simulation is displayed in Fig. 6. 
The face sheet is modelled with 8-node reduced integration elements (C3D8R) for each 
laminate layer, and enhanced hourglass control formulation is used to improve 
computational accuracy. The honeycomb core is discretized with 4-node shell element 
(S4R). The mesh size is mostly 0.5 mm × 0.5 mm in the impact region, while biased 
meshes are applied in the remaining zone. It is found from the experimental results that 
there is no massive debonding failure in the adhesive interfaces between the honeycomb 
core and skins for either impact or bending test. Therefore, the interfaces are assumed to 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
14 
 
be perfectly bonded and are constrained together accordingly by using the “tie” command 
in ABAQUS.  
For the impact simulation, two steel rings with internal diameter of 75 mm are 
discretized with C3D8R and are treated as rigid bodied to simulate the clamping 
boundary conditions. The bottom clamp is fully fixed and the top clamp is constrained all 
freedom degrees except z-direction. The impactor is discretized with C3D8R as a rigid 
body and fully constrained except the z-direction. Impact energy can be achieved by the 
initial velocity, which is assigned as a predefined field variable at the reference point of 
impactor.  
After the impact process completes, it is critical to change the boundary conditions of 
impact simulation to bending simulation for a consecutive analysis, as illustrated in Fig. 7. 
The indenter and two supports are discretized with C3D8R as rigid bodies according to 
experimental conditions. During bending, two supports are constrained all degrees of 
freedom, and the indenter is only allowed to move along the loading direction. In the 
bending process, a sinusoidal waveform loading rate (average speed of 1 m/s) is applied 
through trial and error to achieve a balance of calculation efficiency and accuracy. The 
state variables obtained from the impact simulation, including the stresses, strains, 
damage variables, and residual formation of the sandwich beam, are transferred to the 
bending simulation as the initial states. 
5. Results and discussion 
To evaluate the effect of impact-induced damage on the impact response and resulting 
damage state, specimens with four different structural configurations are tested and 
analyzed systematically under three impact energy levels. Subsequently, three-point 
bending tests are executed on the impacted specimens to explore the influence of 
impacted-induced damage on the residual flexural strength. Meanwhile, finite element 
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analysis is implemented to further investigate the influences of impacted damage on 
residual flexural properties of such structures under various impact energy levels. 
5.1 Low-velocity impact characterization 
5.1.1 Low-velocity impact tests 
Fig. 8 and 9 depict the impact load-time, load-displacement and absorbed energy-time 
curves of sandwich panels with four different structural configurations under three impact 
energy levels. It is well known that the bending stiffness of sandwich panel increases 
with increasing of cell wall thickness or core height, or with decreasing of cell wall 
length. The key response parameters such as peak load, absorbed energy and maximum 
deflection during the impact event are shown in Table. 4. Additionally, the scanning 
images of face sheet and cross-sectional views through the impact location of the 
sandwich panels are presented to supply the significant information about the 
deformation and damage patterns, as described in Fig. 10.  
The impactor is rebounded back for the 5 J case due to the elastic recovery of the panel 
and more than 80% impact energy is absorbed by sandwich panels in the form of 
composite damage and core deformation. There is no obvious damage but with only 
barely visible indentation in the impact area of top face sheet. Additionally, there is 
perhaps matrix cracking occurring in the impact area due to local bending and membrane 
stretching, and the buckling and folding of cell walls mainly generate around the impact 
region adjacent to the top face sheet. The impactor partially penetrates the sandwich 
panel for the 10 J case, and rebounds back with a relatively smaller velocity compared 
with 5 J cases, so the vast majority of impact energy is absorbed, as described in Fig. 
9(b). After the peak load, the prolonged load plateau is associated with further expansion 
of matrix cracking and fiber breakage for the top face sheet as well as buckling and 
collapse of the core. The top face sheet exhibits evident indentation along with intricate 
damage around the impact zone, mainly including fiber fracture, matrix cracking and 
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delamination (Fig. 10). After the face shear fracture, core crushing and core shear tend to 
worsen with the impactor continuing to drop down. It is noted that the damage area of 
specimen T0.06-H10-L1.5 is smallest than others, while the local residual indentation is 
the deepest one. This is due to the fact that increasing cell wall thickness could enhance 
the bending stiffness, which results in smaller deformation of the top face sheet around 
the impactor. The impactor penetrates the whole sandwich panel completely for 50 J case, 
and the corresponding load curve exhibits double-hump shape with two peak loads. It is 
found that the second peak load is slightly larger than the first one, which could be not 
only due to the effect of the friction between the impactor and the failed composite 
laminate and core, but also the adhesive film between the bottom face sheet and the core.  
From the impact load curves, the specimen with cell wall length of 1.5 mm produces 
the highest peak load, while the specimen with cell wall thickness of 0.04 mm produces 
the lowest load for the non-perforation cases. It is obviously that the load values in the 
stable plateau stage are larger for the panel with higher compressive strength or bending 
stiffness. It can be concluded that the peak load increases with bending stiffness 
increasing, which indicates that the sandwich panel with higher stiffness offers better 
impact resistance capacity. Compared specimens T0.06-H10-L3.0 and T0.06-H15-L3.0, 
the peak forces are almost the same for the non-perforation cases, which indicates that 
increasing core height has little effect on the impact performance. That is attributed to the 
fact that there are the same compressive strengths for these two specimens with the 
identical cores. However, the contact time of specimen T0.06-H10-L3.0 is slightly longer 
than that of specimen T0.06-H15-L3.0. It can be explained that the global deformation of 
the latter under the impact loading is smaller than the former due to higher bending 
stiffness. For the perforation case, the loading ascending phase of the second hump for 
specimen T0.06-H15-L3.0 occurs later than others, which is due to the fact that the 
impactor penetrates higher core consuming a relatively longer time. In essence, the local 
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damage induced by impact loading is limited to the impact zone for all cases, it exhibits 
the similar failure mechanisms for the impact process. Under the impact loading, the top 
face sheet is penetrated gradually, along with matrix cracking and fiber breakage; the cell 
walls of core within the impact zone are sequentially folded and crushed, and the cell 
walls just outside the deformation region do not experience any buckling and remain 
perpendicular to the face sheet. Consequently, increasing cell wall thickness or 
decreasing side length of honeycomb core has significant effects on peak load, while 
increasing core height has little effect. It can be concluded that the core strength plays a 
crucial role in the deformation and damage of sandwich structure and further determines 
its impact resistance.  
5.1.2 Simulation of the impact response 
Due to the similar failure mechanisms for specimens with different structural 
configurations, the specimens T0.06-H10-L3.0 and T0.06-H10-L1.5 are modelled to 
further explore the deformation process and resulting damage state. The predicted impact 
responses such as impact load and energy absorption curves are compared with the 
measured ones, indicating reasonably good agreement with each other, as plotted in Fig. 
11. Generally, the predicted impact load values are slightly overestimated in comparison 
with the experiment ones. This could be due to the processing defect of adjacent core 
cells and the thickness tolerance of composite sheet. It is noteworthy that the sudden load 
drops and subsequent prolonged load plateaus are also successfully captured by the 
simulation for the 10 J cases. However, for the penetration cases, the impact load values 
obtained from the simulation are relatively smaller than experimental results in the region 
between two peak loads. It is chiefly because the failed materials still exist in the real 
panel, including broken fibers/matrix and the core, which aggravates the interface friction 
of the impactor during the penetration process; whereas, the failed elements in the 
excessive deformation region have been removed from the FE model during the 
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calculation process, which does not meet reality. To facilitate comparison, the predicted 
and measured impact parameters such as peak load, absorbed energy and maximum 
deflection are also compared in Fig. 12. Overall, the maximum errors for peak load, 
absorbed energy and maximum deflection for all non-penetration and penetration cases 
are 8.4%, 8.1% and 10.9%, respectively, which are within an acceptable range.  
To further reveal the failure mechanisms, solution dependent variables (SDVs) are 
employed to monitor the damage patterns, such as fiber, matrix and delamination failure. 
Taking specimen T0.06-H10-L1.5 as an example, the predicted impact damage for each 
failure mode is exhibited in Fig. 13. When the lower impact energy (5 J) is exerted, the 
impact load is insufficient to generate obvious penetrative damage (no elements deletion); 
instead, some damage such as inter-laminar delamination and matrix tensile/compressive 
damage occurs as the predominant failure patterns in the surrounding impact region. The 
core around the impact zone is fully intact with marginal crushing and shear failure, 
which is predicted closely with experimental results. As the impact energy increasing (10 
J), there are some elements removed in the impact zone of top face sheet along and 
perpendicular to the fiber, implying the top face sheet exhibits a severe failure in the form 
of fiber fracture and matrix cracking, which is similar to the experimental results. 
Therefore, the dominated failure patterns of the laminate become fiber tensile fracture 
and matrix tensile/compressive damage instead of delamination, which absorb the vast 
majority of impact energy. Consequently, the energy absorption mechanisms are closely 
related with the significant characteristics of failure modes. Under this impact energy 
level, the profile and size for each failure pattern extend in proportion to the 
corresponding one for 5 J case. Additionally, core crushing and core shear failure play a 
role in resisting impact load. For the penetration case, the similar deformation 
characteristics and failure mechanisms as the 10 J case can be revealed from the 
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simulation. Overall, the predicted damage states and failure mechanisms show generally 
fair agreement with the experimental results.  
To facilitate the observation of deformation/failure of the panel, the crushing process 
of specimen T0.06-H10-L1.5 with the von Mises stress contours for the 40 J case is 
displayed in Fig. 14. As the impactor continues the penetration, the top face sheet at the 
contact zone is compressed by the impactor in the out-of-plane direction, primarily 
undergoing local bending and membrane stretching around the impact zone. Meanwhile, 
the cell walls adjacent to the top face sheet begin to (elastic or plastic) buckling and 
folding. The top face sheet exhibits a significant indentation whose diameter is larger 
than the impactor due to gradual deformation of top face sheet. When the strain of 
damage zone reaches the critical failure strain, a crack forms in the top face sheet. 
Simultaneously, the core crushing and collapse occur with regularity initiating from the 
top face sheet along axial direction. It is obvious that the extent of core collapse is not 
uniform, exhibiting less and less from the center to the periphery. Along with the 
impactor dropping, the top face sheet, honeycomb core and bottom face sheet are 
penetrated in a sequential manner.  
5.2 Post-impact flexural behavior 
5.2.1 Post-impact flexural tests 
The influences of impact-induced damage on the residual flexural strength are 
investigated through a series of non-impacted and impacted specimens with different 
structural configurations under various impact energy levels. The load-displacement 
curves of all specimens under bending load are plotted in Fig. 15. According to the 
variation trend of all curves, it can be concluded that localized damage at the peak load 
takes place according to the competing failure pattern of face sheet failure and core 
failure. Fig. 16 displays the two representative load-displacement curves along with 
failure process images of specimens T0.06-H10-L3 and T0.06-H10-L1.5 under the 
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impact energy of 10 J, which represent two typical failure patterns (core failure and face 
sheet failure) potentially induced in the bending tests. Generally, the load-displacement 
curves can be divided into three distinct stages: the initial elastic stage (Stage I), the core 
or face sheet failure stage (Stage II), and global failure stage (Stage III). In Stage I, the 
specimen deforms elastically in the initial phase of bending and the corresponding load 
value has a nearly linear increase within in a limited loading displacement almost up to 
the peak load. However, for the core failure case, there is a little non-linearity in the 
load-displacement curve prior to peak load, indicating some plastic buckling of the core 
occurring under the indenter. In Stage II, there are two distinct regimes (core failure and 
face sheet failure) during the bending process, and the trend change is closely associated 
with the competing failure patterns of sandwich panel. After the top face sheet complete 
fracture, there is a relative stable load plateau until the final rupture of the panel in Stage 
III. In this stage, the prominent failure patterns are core crushing under the indenter and 
further delamination of the fracture section in the top face sheet, therefore load-carrying 
capacity of the sandwich beam becomes stable.  
From the experimental results, the load-displacement curve of specimen 
T0.06-H10-L1.5 demonstrates obviously different characteristics with other specimens, 
especially for Stage II (Fig. 16), implying the different failure mechanisms for specimens 
with different structural configurations under bending load. For the lower core stiffness 
cases, the core buckling occurs after the peak load (Stage II(a)) whether the specimen is 
impacted or not, and the load drops slowly; as the indenter moving, the top face sheet 
fractures (Stage II(b)), and the subsequent load drops sharply. During the bending process, 
the cell walls of core within the contact zone are sequentially folded and crushed or 
exhibit shear deformation until the face sheet fracture. For specimen with higher core 
stiffness (T0.06-H10-L1.5), there is only face sheet failure occurring but without evident 
core crushing or shear, which is distinctly different with the core failure cases. In reality, 
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the face sheet failure behaves in a brittle manner. Overall, the core stiffness is closely 
related to the final failure patterns and failure mechanisms under bending load. 
The maximum contact force of the load-displacement curve is considered as the 
residual flexural strength of post-impact sandwich panel, which is an important indicator 
to evaluate the carrying capacity of the damaged specimen. To intuitively explore the 
influence of impact damage, the normalized residual flexural strength is deemed as the 
ratio of bending strength of damaged panel to that of the corresponding undamaged one. 
The residual flexural strength and corresponding normalized strength of sandwich panels 
with different structural configurations as a function of the impact energy level have been 
described in Fig. 17. Obviously, the residual flexural strength increases with the 
increasing of compressive strength or bending stiffness whether the specimen is impacted 
or not. Consequently, the specimen failing by top face sheet fracture exhibits higher 
residual flexural strength than that failing by core crushing. As would be expected, the 
residual bending strength decreases for the impacted specimens with the increasing of 
impact energy. The reduction in residual bending strength is different for specimens with 
various structural configurations under the same impact energy. The detailed residual 
bending behavior and failure mechanism for each kind of specimen will be illuminated in 
the following: 
(a) residual bending behavior of specimen T0.06-H10-L3 
Specimen T0.06-H10-L3 is chosen as a reference to identify the influence of structural 
configurations on the residual flexural strength, and its bending failure characteristics and 
damage mechanisms under various impact energy levels are described in more detail in 
the following section. Compared with the load-displacement curves in Fig. 15(a), it is 
found that these curves seem to have roughly similar characteristics whether the 
specimens are impacted or not, implying the similar underlying damage mechanisms for 
specimens under flexural loading. As a matter of fact, collapse mode is independent of 
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the extent of the impact-induced damage, while it has a huge effect on the residual 
flexural strength. For the perforation case, the residual flexural strength reduces to 75% 
compared with the non-impacted one. With respect to the bending stiffness, it is 
somewhat less sensitive to the impact-induced damage in comparison with the residual 
flexural strength, especially for the lower impact energy cases (5 J). In fact, the bending 
stiffness represents the slope of load-displacement curve for the entire sandwich panel, 
while the residual flexural strength indicates the maximum contact force exerted on the 
local damaged zone. The local damage induced by impact loading is limited to the impact 
zone, thus it has far less influence to global properties such as bending stiffness. There is 
a relatively large variation of the bending stiffness for the case with larger core stiffness 
after the top face sheet suffered serious damage (10 J).  
Under the bending load, the top face sheet of sandwich panel is subjected to the 
compressive stress, while the bottom face sheet suffers from the tensile stress. As the 
increasing of the bending load, the core buckling occurs initiating in the contact area with 
the indenter (Fig. 18(a)), and the load drops slowly. As the indenter moving to 4 mm, a 
sharp load drop emerges, indicating the onset of initial damage in the top face sheet in the 
form of matrix cracking and fiber fracture; the subsequent load drops are associated with 
progressive matrix and fiber damage. Essentially, when the stress concentration of the top 
face sheet under the indenter reaches the compressive failure strength, a clear crack 
occurs, which is mainly induced through the compressive fiber failure with a loud audible 
sign. The typical damage images of non-impacted and impacted specimens under 10 J 
impact energy are illustrated in Fig. 19. The final failure of the top face sheet is featured 
by a crack with fiber fracture spanning the whole face sheet whether the panel is 
impacted or not. However, the formation process of crack in the top face sheet could has 
some differences between the non-impacted and impacted panels. For the non-impacted 
panel, the cracks could initiate from both free edges of the top face sheet in the contact 
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zone with the indenter, and propagate rapidly to the center of the face along a straight line 
with the increasing of compressive stress. However, for the impacted panel, the cracks 
are generated spontaneously initiating from the damage zone in the top face sheet, and 
further extend to both edges of the face sheet, which is similar with the finding of the 
corrugated core sandwich structure suffered impact loading [40]. In summary, the failure 
mechanisms are fairly similar whether the panel is impacted or not, although different 
crack initiation site exists in the top face sheet.  
(b) influence of cell wall thickness 
For the non-impacted specimen, the load exhibits a sharp drop followed by a lower but 
fairly prolonged load plateau after the peak load, as displayed in Fig. 15(b). This drop 
could be due to the fact that the weak core begins to be local buckling and then crushing 
under the compression of indenter (Fig. 18(b)), which further results in a premature 
failure in overall ultimate bearing capacity of the structure. After the load drop, the 
specimen deforms stably in the form of progressive crushing and shear of the core which 
accommodates local deformation of top face sheet. For the impacted specimen, the load 
increases slowly after the elastic stage, which is due to the fact that core buckling begins 
to take place around the impact zone and further aggravates global bending deflection.  
Compared with the specimen T0.06-H10-L3.0, it is found that there is a noticeable 
decrease in the residual flexural strength as the cell wall thickness becomes thinner, 
especially for the impacted specimens. In the context of the same impact energy, the 
residual flexural strength of specimen T0.04-H10-L3.0 is about 35% lower than that of 
specimen T0.06-H10-L3.0. Furthermore, the residual flexural strength of the 5 J case 
reduces 27% in comparison of the non-impacted specimen. It can be explained that the 
inter-laminar delamination and matrix cracking have been induced by the impactor in the 
top face sheet even under a lower impact energy level (5 J), and the damage is prone to 
grow under compressive stress, which results in the residual flexural strength of impacted 
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specimen diminishing markedly compared with the non-impacted one. This further 
illustrates that the top face sheet plays a vital role in overall ultimate bearing capacity of 
the structure under the bending load.  
(c) influence of honeycomb core height 
The collapse mode of specimen T0.04-H15-L3.0 is similar with specimen 
T0.04-H10-L3.0, featured by a mixed failure of core crushing and shear before the face 
sheet fracture, as illustrated in Fig. 15(c). After the peak load, there is a sudden load drop 
due to the core buckling for the non-impacted specimen; and then, it exhibits a stable load 
plateau along with progressive core crushing and shear under the indenter (Fig. 18(c)). 
However, the face sheet fracture occurs earlier (about 4 mm) than the specimen 
T0.04-H10-L3.0 (after 6 mm). This could be attributed to the fact that the bending 
stiffness increases with the increasing of cell wall thickness, which results in smaller 
global bending deflection and deeper local indentation, as exhibited in Fig. 18(c); so the 
deformation of top face sheet is more localized, leading to the top face sheet breaking 
earlier. For the impacted specimen, the collapse mode of impacted specimen exhibits a 
fairly similar pattern to that of impacted specimen T0.04-H10-L3.0, but with smaller 
global bending deflection.  
Compared with the specimen T0.06-H10-L3.0, it is found that the peak load for 
non-impacted specimen is roughly 32% higher, whereas about 8% higher for the 
impacted ones. It is evident that the peak load is sensitive to the core height, especially 
for the non-impacted specimen, due to the bending stiffness is drastically affected by the 
core height. Although increasing the core height has little effect on the low-velocity 
behavior, its benefits will be more pronounced for residual flexural strength.  
(d) influence of cell wall length 
Specimen T0.06-H10-L1.5 fails through top face sheet fracture, which is distinctly 
different with the core failure cases. For this specimen, the face sheet failure behaves in a 
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brittle manner with unnoticeable non-linearity in the load-displacement curve prior to 
failure, and then a sudden load drop occurs followed by a prolonged load plateau (Fig. 
15(d)). After the elastic stage, the face sheet breaks abruptly in about 3.5 mm (Fig. 18(d)) 
whether the specimen is impacted or not, and then the load drops drastically to a lower 
value (about 1 kN). Compared with the core failures cases, the specimen failing by face 
sheet fracture exhibits better ultimate load-bearing capacity. 
Compared with the specimen T0.06-H10-L3.0, it is found that the peak load for the 
non-impacted specimen is roughly 124% higher, whereas about 95% higher for the 
impacted ones. Indeed, increasing the core stiffness could improve the residual flexural 
strength. Different structural configurations of cores result in different failure modes, and 
further affect the residual flexural strength pronouncedly. Overall, the structural 
configurations such as cell wall thickness, core height and cell side length play a crucial 
role in determining failure mechanisms during bending, which in turn might lead to 
significantly different residual flexural strength.  
5.2.2 Theoretical solutions for the bending test 
Theoretical analyses are carried out to determine the peak bending loads of 
non-impacted specimens according to the initial failure mode occurring right at the peak 
load. As observed in previous section, two competing failure patterns of sandwich beams, 
namely core buckling and face sheet fracture, appear in the present experimental range. 
As for initial failure mode of core buckling, the simplified formula for predicting the 
peak bending load of such structures can be expressed as [54],  







L
S
bc
L
bt
P yfyfc
2
12
2 2
                       (12) 
where b, L are the width and span of sandwich beam, t, c are the thickness of face sheet 
and core, respectively, and S is the overhanging length of beam; yf , yf are the yield 
strength of face sheet and shear strength of core, respectively. 
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The bending moment of simply supported sandwich beam should be calculated by 
integrating the first moment of bending stress, considering the shear effects due to core 
on the resistive bending moment [55],  
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where cth +2= , C  is shear effect factor, 
21
1
+
=
CC
C
C                             (14) 
where 
( )
eq
L
C
EI48
=
3
1 , ( )
eq
L
C
AG4
=2 . 
The equivalent bending rigidity ( )eqEI  and shear rigidity ( )eqAG  are expressed as,  
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2
≈EI
2btcE f
eq , ( ) bcGceq =AG                       (15) 
where fE represents the Young’s modulus of face sheet; cG  represents the shear 
modulus of core. As for initial failure mode of face sheet fracture, the critical bending 
load of such structures can be obtained when the bending stress reaches the compressive 
strength of face sheet. So, the critical bending load can be expressed as,  
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The comparisons of peak load between theoretical solutions and experimental results 
for non-impacted specimens are listed in Table 5. These theoretical and experimental 
results are in reasonably good agreement with the maximum error of 8.7% for specimen 
T0.06-H10-L3.0.  
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5.2.3 Simulation of residual flexural behaviour 
Specimens T0.04-H10-L3.0 and T0.06-H10-L1.5 are chosen to further investigate the 
post-impact failure mechanisms and residual flexural strength, because they behave two 
typical failure modes (core failure and face sheet failure). Fig. 20 displays the comparison 
of numerical and experimental load-displacement curves of specimens T0.04-H10-L3.0 
and T0.06-H10-L1.5, indicating reasonably good agreement with each other in terms of 
structural stiffness and peak load. The structural stiffness of each specimen is also 
successfully captured by the numerical simulation whether the specimen is impacted or 
not. For the post-impact specimen, the predicted sudden load drop occurs later than the 
measured one. This can be explained that manufacturing defects, such as the material 
imperfection and uneven thickness of the core and face sheets, are not considered in the 
numerical model; additionally, inter-laminar delamination and matrix cracking induced 
by the impactor in the top face sheet are vulnerable to generate progressive damage under 
the compression loading in test. For specimens failing by core crushing 
(T0.04-H10-L3.0), the predicted load values in the prolonged stage are slightly 
overestimated compared with the measured ones for the post-impact specimens. This 
could be attributed to the fact that two fracture surfaces formed after the face sheet 
complete breaking take place offset intersection in test, while the phenomenon of offset 
intersection does not appear in the numerical model; on the other hand, the localized 
interface debonding impairs the transfer of traction between the face sheet and core, 
which further results in a decrease in bending stiffness of the beam. Moreover, for the 
Explicit analysis, there are some oscillations occurring in the loading ascending phase of 
predicted load-displacement curve, which is attributed to the vibration of slender beam 
with simply supported boundary conditions in the initial loading stage; after the top face 
sheet fracture exhibits some oscillations, which indicates the damage process of laminates 
(damaged elements deletion). The numerical and experimental peak loads (residual 
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flexural strength) are summarized in Fig. 21, which match well with each other. The 
maximum error for the peak load is 5.6% for specimen T0.06-H10-L1.5 under 5 J impact 
energy. It can be concluded that the integrated FE model is highly effective to predict the 
residual flexural properties of the post-impact sandwich panel. 
With respect to the predicted collapse patterns, specimens with different structural 
configurations exhibit different failure modes under the bending load. Specimen 
T0.06-H10-L3.0 fails by undergoing core buckling firstly and then top face sheet fracture, 
while specimen T0.06-H10-L1.5 fails abruptly through top face sheet fracture, which is 
fairly similar with the experimental results. As an example, the crushing process of 
specimen T0.06-H10-L3.0 with Mises stress contours is illustrated in Fig. 22. As far as 
the core failure concerned, the Hertz pressure on the core generated by the indenter 
distributes in an elliptical pattern in the elastic stage (before 2.5 mm), which determines 
the initial failure zone. When the pressure reaches to a critical peak load, the buckling of 
cell walls occurs initiating from the top face sheet in the contact area. As the indenter 
continues to drive down, the core cell walls gradually crush and the damage area 
becomes larger than the contact zone because of the face sheet deformation, which is 
similar with the experimental observation. Regarding to the face sheet, when the 
compressive strain of the top face sheet reaches the critical failure strain, a crack forms 
spanning the width of face sheet, which is also successfully captured in the simulation 
analysis, as illustrated in Fig. 23. The final failure patterns of the top face sheet are brittle 
compression fracture of fibers along with the inter-laminar delamination and matrix 
cracking. The top face sheet fracture largely reduces load bearing capacity and further 
exacerbates localized core crushing under the indenter. As the load displacement of 
indenter increasing, the extent of core crushing increases toward complete failure.  
The comparison of predicted failure modes for the top face sheet after impact and 
subsequent bending is also exhibited in Fig. 23. The damage for each failure mode 
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induced by the impact does not propagate obviously during the bending process, 
especially for the zone away from the crack. Instead, the matrix damage and fiber fracture 
induced by the compressive stress are the primary failure pattern for the top face sheet for 
the bending process. After impact, the core crushing only generates around the impactor, 
and other cell walls exhibit almost barely visible deformation; during the bending process, 
the global core crushing spanning the panel occurs under the indenter after the face sheet 
fracture. Finally, plastic collapse of the core generates at the mid-span of the sandwich 
panel to sustain the compression loading of the indenter, which is fairly similar to the 
experimental results. Overall, the predicted failure patterns of the post-impact sandwich 
structure under bending load are reasonably well agreement with the actual damage 
observed experimentally.  
Additionally, two numerical cases (T0.06-H10-L3.0-10J and T0.06-H10-L1.5-10J) for 
loading applied on the opposite surface of impacted side are chosen to investigate the 
effect of impact site on the residual flexural strength, as exhibited in Fig. 24. For this case, 
the indenter directly acts on the intact part of sandwich beam. The top face sheet (intact 
part) is subjected to compressive stress, while the bottom face sheet (damaged face 
induced by impact) suffers from tensile stress. Specimen T0.06-H10-L3.0-10J fails 
through core buckling and crushing under the bending load, while specimen 
T0.06-H10-L1.5-10J fails by top face sheet fracture even though this face sheet is not 
subjected to impact damage, which is similar with the specimen applied loading on the 
impacted side. Furthermore, the bending stiffness is almost the same prior to damage 
initiation of Stage II. However, the residual flexural strength for specimen impacted on 
bottom face sheet is larger than that impacted on top face sheet, which is attributed to the 
fact that the top face sheet and core in the contact zone are not subjected to serious 
impact damage. It can be concluded that the post-impacted sandwich beam shows higher 
ultimate bearing capacity for the bending load applied on the relatively intact face sheet. 
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6. Conclusions 
This paper aims to investigate the influences of impact-induced damage on the residual 
flexural strength of honeycomb core sandwich panels with different structural 
configurations. A series of low-velocity impact tests and three-point bending tests after 
impact are carried out to explore impact response and residual flexural behavior of such 
structures considering different core configurations and various impact energy levels. 
Subsequently, an integrated FE model with the VUMAT subroutine in ABAQUS/Explicit 
is developed to further investigate the damage states and failure mechanisms for the 
impact and bending. The following conclusions can be summarized: 
(1) Increasing cell wall thickness or decreasing side length of honeycomb core has 
significant effects on the impact resistance performance of honeycomb structures, 
whereas increasing core height has little effect on the peak load.  
(2) For the impact-induced damage, the predominant failure patterns exhibit 
inter-laminar delamination and matrix damage of top face sheet and plastic buckling of 
core for lower impact energy (5 J); while the dominated failure patterns exhibit fiber 
fracture and matrix cracking of impacted face sheet as well as core crushing and shear for 
higher impact energy.  
(3) During the bending process, the load-displacement curve can be divided into three 
distinct stages: the initial elastic stage, the core or face sheet failure stage, and global 
failure stage. Furthermore, the top face sheet plays a vital role in overall ultimate bearing 
capacity of the sandwich structure under the bending load.  
(4) Specimens with lower core stiffness fail through core buckling and crushing under 
the bending load whether the specimens are impacted or not, while specimen with higher 
core stiffness fails by top face sheet fracture. The core stiffness is strongly related to the 
competing failure pattern (face sheet failure or core failure) under the bending load. 
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(5) The residual flexural strength reduces 20%-30% (except T0.06-H10-L3.0) even 
through the superficial impact damage remains barely visible, while there is a minor 
variation even for the penetration case. Therefore, the residual flexural behaviors have a 
strong correlation with impact energy and structural configurations of specimens. 
(6) The numerical results match well with the experimental ones in terms of impact 
load, absorbed energy, residual flexural strength and failure modes, which shows that an 
integrated model with three consecutive steps is a very powerful tool in investigating 
residual behaviors of sandwich structure after impact.  
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Appendix A. Effect analysis of loading speed  
In order to reduce computational time, a relatively higher loading speed for bending 
simulation is adopted in dynamic Explicit analysis. A series of sinusoidal waveform 
loading rates (average velocity 0.5 m/s, 1 m/s, 1.5 m/s and 2 m/s) are chosen to further 
explore the effect of loading speed. Taking specimen T0.06-H10-L3.0-00J as an example, 
the predicted load-displacement curves under different loading rates are well consistent 
with each other in terms of bending stiffness and peak load, as shown in Fig. A.1. 
However, it is obviously that numerical oscillation phenomenon is more serious for 
higher loading rate, particularly for the case of 2 m/s. Therefore, the selected loading rate 
for bending simulation is 1 m/s to balance computational time and accuracy. 
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TABLES 
 
Table 1 
Material properties of AA3003 aluminum alloy foil. 
Density Young’s modulus Poisson’s ratio Yield strength 
2680 kg/m
3
 69 GPa 0.3 116 MPa  
 
Table 2 
Structural parameters of the investigated sandwich panels. 
Specimen label 
Face sheet 
thickness 
Tf (mm) 
Cell wall 
thickness Tc 
(mm) 
Core 
height 
Hc (mm) 
Cell side 
length 
Lc (mm) 
T0.06-H10-L3.0 1.0 0.06 10 3.0 
T0.04-H10-L3.0 1.0 0.04 10 3.0 
T0.06-H15-L3.0 1.0 0.06 15 3.0 
T0.06-H10-L1.5 1.0 0.06 10 1.5 
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Table 3 
Material properties of the unidirectional laminate. 
Symbol Property Value 
E11 Longitudinal stiffness 108 GPa 
E22 Transverse stiffness 8.0 GPa 
E33 Out-of-plane stiffness 8.0 GPa 
v12, v13 Poisson’s ratio 0.32 
v23 Poisson’s ratio 0.3 
G12, G13 Shear modulus 4 GPa 
G23 Shear modulus 3 GPa 
Xt Longitudinal tensile strength 2100 MPa 
Xc Longitudinal compressive strength 720 MPa 
Yt Transverse tensile strength 25 MPa 
Yc Transverse compressive strength 120 MPa 
Zt Out-of-plane tensile strength 50 MPa 
S12, S23, S13 Shear strength 40 MPa 
ρ 
 
Density 1560 kg/m
3
 
 
 
Table 4 
Impact response characteristics of the investigated sandwich panels. 
Specimen 5 J 10 J 40 J 
 PL EA DM PL EA DM PL EA DM 
T0.04-H10-L3.0 1.93 4.35 4.61 2.25 10.52 7.72 2.35 34.75 31.94 
T0.06-H10-L3.0 2.18 3.95 3.96 2.18 10.43 7.32 2.45 35.34 31.56 
T0.06-H10-L1.5 2.85 4.03 3.22 2.68 10.49 5.67 2.96 41.44 25.08 
T0.06-H15-L3.0 2.17 4.55 3.86 2.21 10.12 7.01 2.16 38.85 31.00 
PL—Peak load (kN); EA—Energy absorption (J); DM—Maximum deflection (mm). 
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Table 5 
The comparison of peak load for non-impacted specimens.  
Specimen Theoretical Experimental error 
T0.06-H10-L3.0 2.95 2.93 0.7% 
T0.04-H10-L3.0 2.27 2.43 6.5% 
T0.06-H15-L3.0 4.21 3.87 8.7% 
T0.06-H10-L1.5 6.63 6.56 1.1% 
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FIGURES 
 
Fig. 1. Schematic of geometric configurations of honeycomb sandwich panel:  
(a) Dimensions of specimen; (b) Parameters of face sheets and honeycomb 
cells. 
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Fig. 2. Schematic of the low-velocity impact test setup. 
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Fig. 3. Schematic of experimental setup for the three-point bending (TPB) tests. 
 
 
 
 
 
 
S=50mm 
Support 
L=200mm 
30mm 
Specimen 
Indenter 
30mm 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
47 
 
 
Fig. 4. Flowchart for numerical process of the VUMAT subroutine in ABAQUS. 
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Fig. 5. Integrated FE analysis steps for the simulation. 
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Fig. 6. Finite element model of the low-velocity impact simulation. 
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Fig. 7. Finite element model of the residual flexural simulation after impact. 
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Fig. 8. Impact load-time and load-displacement curves of specimens under various 
impact energy levels: (a) 5 J; (b) 10 J; (c) 40 J.  
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Fig. 9. Absorbed energy-time curves of specimens under various impact energy levels: (a) 
5 J; (b) 10 J; (c) 40 J.  
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Fig. 10. Damage pattern of the specimens under different incident impact energies. 
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Fig. 11. Comparison of impact load and absorbed energy curves for specimens 
T0.06-H10-L3.0 and T0.06-H10-L1.5 under various impact energy levels: (a) 5 J; (b) 10 
J; (c) 40 J.  
 
0 3 6 9 12 
Time(ms) 
0 
1 
2 
3 
0 
2 
4 
6 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
Specimen T0.06-H10-L3.0 Specimen T0.06-H10-L3.0 
0 3 6 9 12 
Time(ms) 
0 
1 
2 
3 
4 
0 
12 
24 
36 
48 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
(c) 
Simulation 
Experiment 
0 5 10 15 20 
Time(ms) 
0 
1 
2 
3 
0 
5 
10 
15 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
(b) 
Simulation 
Experiment 
(a) 
0 3 6 9 12 15 
Time(ms) 
0 
1 
2 
3 
0 
2 
4 
6 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
0 3 6 9 12 
Time(ms) 
0 
1 
2 
3 
0 
4 
8 
12 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
0 3 6 9 12 15 
Time (ms) 
0 
1 
2 
3 
4 
0 
12 
24 
36 
48 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
55 
 
 
Fig. 12. Comparison of key characteristics for specimens T0.06-H10-L3.0 and 
T0.06-H10-L1.5 under various impact energy levels: (a) maximum contact force; (b) 
absorbed energy; and (c) maximum deflection. 
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Fig. 13. Predicted impact damage of specimen T0.06-H10-L1.5 under various impact 
energy levels. 
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Fig. 14. Deformation process of specimen T0.06-H10-L1.5 at different contact time. 
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Fig. 15. Force-displacement curves of specimens with different structural configurations 
under various impact energy levels: (a) specimen T0.06-H10-L3.0; (b) specimen 
T0.04-H10-L3.0; (c) specimen T0.06-H15-L3.0; (a) specimen T0.06-H10-L1.5. 
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Fig. 16. Two typical load curve and damage process: (a) core failure; (b) face sheet 
failure. 
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Fig. 17. Residual flexural strengths and normalized residual flexural strengths of 
specimens under various impact energy levels. 
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Fig. 18. Deformation and failure mode of non-impacted specimens.  
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Fig. 19. Damage morphology of specimen T0.06-H10-L3.0 after impact: (a) 
non-impacted specimen; (b) specimen impacted under 10 J impact energy.  
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Fig. 20. Comparison of the experimental and numerical load-displacement curves. 
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Fig. 21. Comparison of residual flexural strength between numerical and experimental 
results. 
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Fig. 22. Numerical simulation and captured images of crushing process for specimen 
T0.06-H10-L3.0 in various stages. 
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Fig. 23. Comparison of predicted failure modes for the top face sheet and honeycomb 
core (specimen T0.06-H10-L3.0): (a) fiber tensile failure; (b) fiber compressive failure; 
(c) matrix tensile failure; (d) matrix compressive failure; (e) delamination failure; and (f) 
core failure. 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) (c) 
(e) (f) (d) 
(a) (b) (c) 
(e) (f) (d) 
Damage patterns after impact 
Damage patterns after bending for the impacted specimen 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
67 
 
 
Fig. 24. Comparison of load-displacement curves for specimen applied loading on the 
impacted surface and its apposite surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 2 4 6 8 10 
0 
1 
2 
3 
Displacement (mm) 
L
o
ad
 (
k
N
) 
Impacted bottom face  
Impacted top face  
T0.06-H10-L3.0-10J 
(a) 
0 2 4 6 8 10 
0 
2 
4 
6 
Displacement (mm) 
L
o
ad
 (
k
N
) 
Impacted bottom face  
Impacted top face  
T0.06-H10-L1.5-10J 
(b) 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
68 
 
 
Fig. A.1. Comparison of different loading speed for bending simulation. 
 
0 2 4 6 8 10 
0 
1 
2 
3 
Vel_0.5 m/S 
Vel_1.0m/S 
Vel_1.5m/S 
Vel_2.0 m/S 
Displacement (mm) 
L
o
ad
 (
k
N
) 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
69 
 
Graphical Abstract  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
o
 
90
o
 90
o
 
0
o
 
 
0 3 6 9 12 
Time(ms) 
0 
1 
2 
3 
0 
2 
4 
6 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
Specimen T0.06-H10-L3.0 Specimen T0.06-H10-L3.0 
0 3 6 9 12 
Time(ms) 
0 
1 
2 
3 
4 
0 
12 
24 
36 
48 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
(c) 
Simulation 
Experiment 
0 5 10 15 20 
Time(ms) 
0 
1 
2 
3 
0 
5 
10 
15 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
(b) 
Simulation 
Experiment 
(a) 
0 3 6 9 12 15 
Time(ms) 
0 
1 
2 
3 
0 
2 
4 
6 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
0 3 6 9 12 
Time(ms) 
0 
1 
2 
3 
0 
4 
8 
12 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
0 3 6 9 12 15 
Time (ms) 
0 
1 
2 
3 
4 
0 
12 
24 
36 
48 
Im
p
ac
t 
lo
ad
 (
k
N
) 
E
n
er
g
y
 (
J)
 
 
Simulation 
Experiment 
 
(b) 
5J 10J 40J 
Impact energy (J) 
0 
 
2 
3 
4 
M
ax
im
u
m
 c
o
n
ta
ct
 l
o
ad
 (
k
N
) 
(a) 
T0.06-H10-L3.0 
T0.06-H10-L1.5 
Experiment  Simulation  
(c) 
5J 10J 40J 
Impact energy (J) 
0 
10 
20 
30 
40 
M
ax
im
u
m
 d
ef
le
ct
io
n
 (
m
m
) 
T0.06-H10-L3.0 
T0.06-H10-L1.5 
Experiment  Simulation  
5J 10J 40J 
Impact energy (J) 
0 
10 
20 
30 
40 
50 
A
b
so
rb
ed
 e
n
er
g
y
 (
J)
 
T0.06-H10-L3.0 
T0.06-H10-L1.5 
Experiment  Simulation  
 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
Impact energy 5 J Impact energy 10 J Impact energy 40 J 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 
5mm 
90o 
0o 5mm 
90o 
0o 
5mm 
90o 
0o 
Delamination 
Core buckling 
Matrix cracking 
Fiber fracture 
Core crushing 
Core crushing 
debonding 
Core fragment 
(a) T0.04-L3.0-H10 
(b) T0.06-L3.0-H10 
(c) T0.06-L1.5-H10 
(d) T0.06-L3.0-H15 
Cracking Top face Top face Top face Bottom face 
Shear failure 
Shear failure 
Shear failure 
Interlayer delamination 
Low-velocity impact 
 
0 2 4 6 8 10 
Displacement (mm) 
0 
2 
4 
6 
L
o
ad
 (
k
N
) Experiment  
Simulation  
T0.06-H10-L1.5-05J 
0 2 4 6 8 10 
Displacement (mm) 
0 
2 
4 
6 
L
o
ad
 (
k
N
) Experiment  
Simulation  
T0.06-H10-L1.5-10J 
0 2 4 6 8 10 
Displacement (mm) 
0 
2 
4 
6 
L
o
ad
 (
k
N
) Experiment  
Simulation  
T0.06-H10-L1.5-40J 
0 2 4 6 8 10 
Displacement (mm) 
0 
2 
4 
6 
8 
L
o
ad
 (
k
N
) Experiment  
Simulation  
T0.06-H10-L1.5-40J 
0 2 4 6 8 10 
Displacement (mm) 
0 
1 
2 
3 
L
o
ad
 (
k
N
) 
Experiment  
Simulation  
T0.06-H10-L3.0-05J 
0 2 4 6 8 10 
Displacement (mm) 
0 
1 
2 
3 
L
o
ad
 (
k
N
) 
Experiment  
Simulation  
T0.06-H10-L3.0-10J 
0 
1 
2 
3 
L
o
ad
 (
k
N
) 
0 2 4 6 8 10 
Displacement (mm) 
Experiment  
Simulation  
T0.06-H10-L3.0-40J 
0 2 4 6 8 10 
Displacement (mm) 
0 
1
2 
3 
L
o
ad
 (
k
N
) 
Experiment  
Simulation  
T0.06-H10-L3.0-00J 
 
0J 5J 10J 40J 
Imp t en rgy (J)  
0 
2 
4 
6 
8 
R
es
id
u
al
 f
le
x
u
ra
l 
st
re
n
g
th
 (
k
N
) T0.06-H10-L3.0 
T0.06-H10-L1.5 
Experiment  Simulation  
 
Elastic deformation 
130.0 
119.2 
108.3 
97.5 
86.7 
75.8 
65.0 
54.2 
43.3 
32.5 
21.7 
10.8 
S, Mises (MPs) 
1
2
4
6
10
Core indentation 
Core wall buckling 
Face sheet fracture 
Core crushing 
Three-point bending 
 
 
Pneumatic 
clamping fixture 
 
(a) 
Conical  Hemispherical  
6mm   
12mm  
6mm  
12mm  
Flat  
12mm  
(b) 
 Impactor 
 Crosshead 
 Force transducer 
 
 
S=50mm 
Support 
L=200mm 
30mm 
Specimen 
Indenter 
30mm 
 
 
Epoxy film 
Face sheet 
  
Honeycomb core 
